We used peripheral blood (PB) and bone marrow (BM) smears in the development of two methods based on cytomorphology and esterase cytochemistry in combination with fluorescence in situ hybridization (FISH). The first method involves photodocumentation of May-Griinewald-Giemsa (MGG)stained cells, f o l l d by destaining in methanol-acetic acid, fixation in paraformaldehyde, and digestion with protease and RNAse before FISH using a-satellite probes that spec^ chromosomes X, 7, 8, and 17. On average, two hybridization signals were seen in 94.5% of disomic BM cells. The hybridization sensitivity was found to vary, however, both among morphologically defied hematopoietic cell lineages and among differentation levels within a lineage. In the second method, an esterase staining technique was followed by the same treatment as for MGG-stained cells. The esterases and FISH signals could be simultaneously visualized and the method was found suitable for rapid screening of in situ signals in cytochemically defied granulocytes and lymphocytes but not in monocytes. The combined methods proved very useful in elucidating the clinical significance of chromosomal abnormalities seen in two cases of leukemia. (1 Histochem Cytochem k4:1303-1309, 19%) 
Introduction
Cytomorphologic examination of peripheral blood (PB) and bone marrow (BM) smears constitutes the basis for diagnosis and classification of hematologic malignancies. Enzyme cytochemical analysis is required to distinguish between myeloid and lymphoid leukemias for subclassification of acute myeloblastic leukemias (Bennett et al., 1985a (Bennett et al., ,b,1982 (Bennett et al., ,1976 . Cytogenetic analysis also provides independent diagnostic and prognostic information (Horiike et al., 1988; Bitter et al., 1987) . Chromosome abnormalities are usually shown by banding techniques using BM cells in metaphase. In some cases, interpretation of chromosome banding may be difficult owing to low numbers of metaphase cells, minimal chromosome spreading or poor banding quality. Furthermore, these techniques require dividing cells, thus excluding the vast majority of the cell population from direct analysis.
The development of fluorescence in situ hybridization (FISH) techniques that identify target chromosomes in interphase nuclei irrespective of the proliferation or differentiation state of the cells has resolved some of the problems inherent to metaphase cytogenetics (Chen et al., 1993; Kibbelaar et al., 1993; Zhao et al., 1993; Jenkins et al., 1992) . These FISH techniques would be even more useful if not only nuclear preparations but also defined subpopulations and individual cells could be cytogenetically characterized. Important clinical issues such as the clonal response to growth factor treatment in cases of myelodysplastic syndrome (MDS) could then be addressed. The occurrence of chromosome abnormalities in residual atypical cells after cytotoxic treatment in cases of acute leukemia is another important issue.
We have developed combined methods for assignment of chromosomal aberrations to hematopoietic cell lineages and individual cells defined by their morphological appearance in May-Griinewald-Giemsa (MGG)-stained PB and BM smears and by their esterase profile. Other techniques for combined interphase cytogenetics and morphologic or immunologic analysis have also recently been published (Anastasi et al., 1991 (Anastasi et al., ,1993 Pagliaro and Stanley, 1993; van Lom et al., 1993; Weber-Matthiesen et al., 1992) .
Materials and Methods
Metaphase and interphase nuclear preparations from healthy donors were kindly provided by Dr. Leif 6stlund (Department of Clinical Chemistry, Danderyd Hospital, Sweden). These nuclear preparations were prepared from Ficoll-separated mononuclear peripheral blood cells derived from short term cultures.
Routinely prepared PB smears from healthy donors and BM specimens from patients not suspected of having chromosomal aberrations were investigated. The slides were either stored at room temperature (RT) for up to 2 weeks or wrapped in aluminium foil and stored at -20°C for up to 3 years. Cell smears from one patient with acute myeloblastic leukemia (AML Type M2) and from one patient with chronic myelomonocytic leukemia (CMML or MDS Type 4) were also included in the study. BM samples from these patients were cytogenetically analyzed by conventional chromosome banding of metaphase preparations at the Department of Clinical Genetics, Karolinska Hospital. Stockholm. Sweden.
Pretreatment Protocol's
Protocol I. The metaphase and interphase nuclear preparations were used to optimize the FISH procedures. Pellets were resuspended in methanol-glacial acetic acid (3:l) and dropped on clean slides. The slides were then cleared in 100% ethanol and air-dried before being treated with 5 Wml RNAse A (Sigma; St Louis, MO) in 2 x SSC (1 x SSC = 0.15 M NaCI, 0.015 M trisodium citrate, pH 7) for 1 hr at 37"C, followed by a brief wash in 2 x SSC and dehydration in a graded series of three cold ethanol washes, 70%. 851, and 95%.
Protocol II. Air-dried PB and BM smears were used to evaluate different pretreatment procedures as specified below:
(a) Fixation in methanol-acetic acid (3:l) for 5 min at RT, followed by RNAse A treatment for 1 hr at 37'C as in Protocol I. Between each step, the slides were briefly washed in 0.05 M Tris-HCI buffer, pH 7.6, with 0.15 M NaCl (TBS), and then dehydrated in a graded series of cold ethanol washes.
(b) The same pretreatment protocol as in II(a) except for addition of a detergent treatment step in 0.5% Triton X-100 (Sigma) in 0.1 M phosphate buffer, pH 7.4, with 0.15 M NaCl (PBS) for 20-80 min at RT between the methanol-acetic acid fixation and the RNAse digestion steps. Digestion in 0.1-0.001% protease (Type VIII; Sigma) in TBS for 5 min at RT as an alternative to detergent treatment was also tried.
(c) The same pretreatment protocol as in II(a) except for addition of a postfixation step in 1% paraformaldehyde in TBS for 15 min at RT and a digestion step in 0.01% protease in TBS for five min at room temperature between the methanol/acetic acid fixation and the RNase digestion steps.
Protocol 111. May-Griinewdd-Giemsa (MGG) stained (Proctor. 1989 ) PB and BM smears were air-dried and mounted to evaluate cell morphology. The cells were photographed with an epifluorescence-equipped microscope (Axioskop 20; Zeiss, Oberkochen, Germany) and the microscope coordinates were noted. The slides were then demounted in xylene and destained in methanol-acetic acid (3:l) for 15 min More being treated with 1% PFA, 0.01% protease, and RNase A as in protocol II(c).
Protocol IV. Cell smears were stained for nonspecific and specific esterases according to Li et al. (1973) . Briefly, the slides were fixed in PFA vapor for 10 min at RT before being incubated in a solution containing 0.06 ml a-naphtylbutyrate (Sigma) in 3 ml ethylenglycolmonoethylether (Merck; Darmstadt, Germany) and 60 mg Fast Garnet GBC (Sigma) in 47 m10.15 M sodium phosphate buffer, pH 6.3, for 30 min at RT. After three washes in distilled water, the slides were incubated in a solution containing 6 mg naphthol-AS-D-chloroacetate (Sigma) in 3 ml N,N-dimethylfomamide (Kebo; Stockholm, Sweden) and 30 mg Fast Blue BB salt (Sigma) in 47 ml 0.15 M sodium phosphate buffer, pH 7.4, for 30 min at RT. Normal and leukemic monocytic cells demonstrate an intense reddish-brown cytoplasmic staining indicating nonspecific esterase activity, whereas granulocytic cells show a blue staining indicating chloroacetate esterase activity. A few reddish-brown granules are seen in the lymphocytes. After postfixa-tion in methanol-acetic acid (3:1), the slides were treated with 1% PFA, 0.01% protease, and RNase A as for the MGG-stained slides.
Probe Preparations
Biotinylated DNA probes (Oncor; Gaithersburg, MD) specifying highly repeated dphoid DNA sequences located at the centromeric regions ofchromosomes X (DxZl), 7 (D7Z1), S (DSZ1). and 17 (D17Z1) were used.
Hybridization and Washing Conditions
The hybridization mixture consisted of 0.5 pglml biotinylated DNA probe, 65% deionized formamide, 2 x SSC, 1 mg/ml salmon sperm DNA, and 10% dextran sulfate. The solution was applied to the slides, which were then coverslipped and sealed with rubber cement (33 pl hybridization mix-ture124 x 32 mm). The coverslipped slides were denatured for 5 min at 80°C and hybridized over-night in a moist chamber at 37°C. After hybridization, coverslips were removed and the slides were washed in 65% formamide in 2 x SSC for 15 min at 4 3 T , followed by two washes in 2 x SSC at 37°C for 4 min each.
Fhorescent Probe Detection System
The slides were blocked in 4 x SSC containing 3% bovine serum albumin and 0.1% Tween-20 for 5 min at RT. The slides were then incubated with avidin conjugated with F I X (5 pglml; Sigma), followed by incubations in biotinylated goat antibodies to avidin (5 pg/ml) (Vector Laboratories; Burlingame, CA) and the same FIX-avidin conjugate as was used initially. The FIX-avidin and antibody reagents were each applied for 30 min at 37°C. A 4 x SSC buffer containing 0.1% Tween-20 was used for diluting the reagents and for the brief(three times for 2 min) washing steps in between the incubations. An antifade solution containing propidium iodide (Oncor) was used for counterstaining in accordance with the instructions of the manufacturer. The slides were viewed in the epifluorescence microscope and the previously MGG-stained cells were relocated. The criteria for evaluating FISH signals were those of Hopman et al. (1990) . The cells must be present in a monolayer and the nuclei should not overlap. FISH signals should have more or less the same homogeneous fluorescence intensity. Minor hybridization spots should not be included. Fluorescent spots may be included only when the signals are completely separated from each other. Spots in a paired arrangement (split spots) are counted as one chromosome complement.
Results
The probe concentration, stringency of hybridization, washing conditions, and immunocytochemical detection system were all optimized using the metaphase and interphase nuclear preparations.
Bright and specific FISH signals were obtained even when the hybridization time was shortened to 4 hr. Fixation in methanol-acetic acid followed by RNAse [protocol II(a) in Materials and Methods] was adequate pretreatment for these nuclear preparations but was not found useful for the PB and BM smears, giving weak or absent FISH signals and a strong background staining. We tried to improve the cytoplasmic penetration of the probes by incubating the methanol-acetic acid-fixed PB and BM smears in a detergent (Triton X-100) before the RNAse digestion step [protocol II(b) in Materials and Methods]. This pretreatment protocol did indeed give bright FISH signals and the nuclear morphology was well preserved. However, the fluorescent signals in the nuclei often had a blurred appearance, making microscopic evaluation difficult, and the background fluorescence was still too high. Protease digestion Table 1 was not an alternative to detergent treatment because cells were usually lost from the slides. Bright and discrete FISH signals in PB and BM smears were finally obtained with another pretreatment protocol, i.e. fixation in methanol-acetic acid, postfixation in PFA, and digestion with protease and RNAse [protocol II(c) in Materials and Methods]. The protease digestion was a critical step and the enzyme had to be carefully titrated to obtain optimal results. Loss of cells from the slides was not a major problem, but the nuclear morphology was destroyed. The method thus permitted chromosomal screening of interphase nuclei in PB and BM smears but did not permit assignment of chromosomal abnormalities to specific hematological cell types defined by their nuclear morphology, i.e., poly-and mononuclear cells. This screening method was evaluated using probes that specify chromosome X, 7, 8, and 17 and PB smears from both males and females. On average, two hybridization signals were detected in 95.5% of disomic cells, whereas one signal was seen in 99.4% of monosomic cells.
. FISH signals in MGG-stainedpenpheral blood smears from norma/ control subjects
We tried a different approach, i.e., identification of the cell types by their morphology and tinctorial properties using conventional MGG staining followed by pretreatment of the smears to obtain optimal FISH results. Removal ofthe MGG staining from the smears was found to be a prerequisite for obtaining subsequent FISH signals. The MGG-stained slides were most effectively destained with methanol-acetic acid, which had the additional advantage of being a suitable chromosome fixative. Such destained and fixed smears were subsequently treated according to Protocols II(b) and II(c).
Weak FISH signals were obtained with the former protocol. whereas bright and discrete signals in well-preserved nuclei were seen with Protocol II(c). The latter method (Protocol I11 in Materials and Methods) was evaluated using the probes specdying chromosome X, 7 , 8 , and 17 and both PB and BM smears. The results are summarized in Iibles 1 and 2. On average, two hybridization signals were obtained in 95.9% of disomic PB cells and in 34.5% of corresponding BM cells, whereas a single spot or no signal was seen in 4.1% and 5.5%, respectively. No significant difference was noted concerning the performance of the different classes of probes (Eable 1). The MGG-FISH method also permitted evaluation of the hybridization sensitivity in relation to morphologically defined hematopoietic cell lineages and to defined steps in the differentiation of neutrophilic granulocytes (Figures la and Ib) . Two hybridization signals were found more frequently in myelomonocytopoieuc cells and in lymphocytes/plasma cells than in erythropoietic cells (x-square test = 9.2; p < 0.01) (Iible 2). Immature myelopoietic cell forms, i.e., myeloblasts, promyelocytes, and myelocytes, displayed two signals more often than mature neutrophilic cells, ie banded and segmented granulocytes (x-square test = 9.8;p < 0.01).
The same tendency was seen in the maturing erythropoietic cells although exact data could not be calculated because of difficulties in distinguishing the various erythroblastic cell forms using the photographs (Figures la and 1b) . The eosinophilic cell line was excluded because of difficulties in distinguishing specific signals from autofluorescent granules. Basophilic granulocytes generally exhibited two signals, but these cells were too few to be accurately evaluated. The megakaryocytoid cells were also excluded because of problems in counting hybridization signals in their polyploid and folded nuclei (Figures la and 1b) .
A method for assignment of chromosomal aberrations to hematological cell types defined by their esterase profile (Protocol IV in Materials and Methods)was also evaluated. The esterase staining, which marks chloroacetate with a blue color and unspecific esterases with a reddish-brown color, was followed by methanol-acetic acid fixation and the same pretreatment Protocol II(c) as for the MGG-stained slides. Bright and discrete FISH signals were obtained in 95.9% of the blue-stained neutrophilic cells, whereas two signals were seen in only 91.4% of the monocytes and 89.6% of the lymphocytes (Table 3) . This discrepancy was due to the fact Table 2 that the reddish-brown deposits in the latter cell types partly obscured the in situ signals of these cells (Figures 2a and 2b) . In addition, we noted that the monocytes but not the lymphocytes may in some cases become strongly overstained with regard to esterases, thus almost totally obscuring the FISH signals of this cell type.
. FISH signals in MGG-stained bone marrow smears >om normal control subjectp
The MGG-FISH method was clinically evaluated in one case of acute myeloblastic leukemia, FAB Type M2. The result of conventional chromosome analysis was considered to be normal (46,XX) despite the fact that 4/15 metaphase spreads were hypodiploid with 42-45 chromosomes. Monosomy 17 and 22 was seen in two of the four aberrant spreads. The significance of these cytogenetic findings was determined using our in situ method and the chromosome 17 and X probes applied to BM smears from the patient (Tables 4 and 5). One chromosome 17 signal was seen in 31.5% of the myeloblastic and promyelocytic tumor cells, whereas only 3% of these cells exhibited one chromosome X signal (Figures 3a and  3b) . The few other cell types showed two signals for both probes (Tables 4 and 5) .
The MGG-FISH and the esterase-FISH methods were both used in the evaluation of one case of chronic myelomonocytoid leukemia (CMML or MDS Type IV). Conventional chromosome analysis JACOBSSON, BERNELL, ARVIDSSON, HAST of BM cells had shown trisomy 8 in 7/16 metaphase spreads. The MGG-FISH method applied to PB smears produced three signals for chromosome 8 in 30.8% of the myelomonocytic cells (Table 6 ). However, the occurrence of trisomy 8 differed between the granulocytopoietic and the monocytopoietic cell lineages, i.e., the neutrophilic cells showed three signals in only 15.6% of the cells whereas three signals were seen in 63% of the monocytic cells (Figures 4a and 4b) . In contrast, the esterase-FISH method produced three hybridization signals in 33% of the chloroacetate positive neutrophilic cells (200 cells counted). The monocytic cells could not be evaluated with regard to in situ signals, but the leukocyte differential count based on esterase cytochemistry was approximately the same as that based on morphology alone. Both methods gave two signals in the lymphocytes (50 cells counted). FISH signals in MGG-stained BM smears fiom a woman with A M and monosomy 
Table 3. FISH signals in esterase-stained benbheral blood smears fiom normal control subiectp

Discussion
We have developed WO combined in situ methods, i.e., MGG-FISH and esterase-FISH. that permit detailed cytogenetic assessment of defined hematopoietic cell lineages and individual cells. Both methods are based on the same pretreatment-FISH protocol which, used alone, was found useful for chromosomal screening of interphase nuclei in PB and BM smears. The MGG-FISH method is laborious because it involves photographing the MGG-stained cells and recording their position on the slides. These positions must then be relocated after hybridization. Our esterase-FISH method is much easier to perform because both the enzyme staining and the in situ signals can be seen simultaneously. This method permits rapid screening of in situ signals in cytochemically defined granulocytes and lymphocytes. Monocytes, however, cannot be accurately assessed in this regard because of strong interference between the enzyme staining and the in situ signals in some cases. Esterase staining has not previously been combined with FISH, whereas other techniques for combined morphologic and in situ analysis have been published recently (Anastasi et al., 1991 (Anastasi et al., ,1993 Pagliaro and Stanley, 1993; van Lom et al., 1993) . Van Lom et al. (1993) treated their MGG-stained slides with ethanol-methanol (95:5) before FISH and reported a hybridization sensitivity comparable to ours. In our hands, however, this method gave weak in situ signals and rather severe background staining. Differences in the MGG staining procedure may possibly influence the success of subsequent pretreatment protocols, thus explaining these discrepant results. Wright-stained smears have also been used in combination with various pretreatment protocols and FISH (Anastasi et al., 1991 (Anastasi et al., .1993 Pagliaro and Stanley, 1993) .
The MGG-FISH method gave two hybridization signals in an average of 94.5% of normal disomic BM cells, and this hybridization sensitivity is similar to that of others (Anastasi et al., 1993; van Lom et al.. 1993) . However, our detailed analysis disclosed that the percentage of cells with two signals varied both among different granulocytopoietic and erythropoietic maturation steps and among different hematopoietic cell lineages. The percentage of disomic cells with a false single spot can be partly due to close juxtaposition or overlapping of two signals. This may explain why a false single signal was seen more frequently in mature myelopoietic and erythropoietic cells with small nuclei and closely appositioned signals than in more immature cell forms with larger nuclei and more separate signals. The fact that the erythropoietic cells exhibited a false single spot or no signal more frequently than did the myelopoietic and lymphopoietic cells can be due to incomplete hybridization. The compact nuclei of the former cell type may afford a greater hindrance to probe penetration than the more loosely textured nuclei of the latter cell types. It may also be related to the spontaneous nuclear fragmentation (apoptosis) of the maturing erythroid cells. Other problems involved in counting in situ signals are au tofluorescent debris (nuclei with extra signals), autofluorescent granules (eosinophilic cells), and polyploidy (megakaryocytes). Many factors therefore influence the hybridization sensitivity in hematological cell smears.
In conventional cytogenetic analysis, a clonal chromosome abnormality is defined as two or more cells with the same structural aberration or extra chromosomes and as three or more cells with the same chromosome missing (Sandberg. 1990 ). Our AML case with a missing chromosome 17 in only 2115 metaphases was therefore considered to display a random chromosome abnormality. How- ever, conventional cytogenetic studies sometimes cannot provide complete information on the significance of random chromosome abnormalities because of major technical limitations, i.e., the exclusion from the analysis of the majority of cells that remain in interphase, are terminally differentiated, or have a low mitotic rate. In the present de novo AML case, we could show that the missing chromosome 17 was indeed a clonal event that affected mer 30°/o of the tumor cell population. Furthermore, our results indicate that the abnormal chromosome clone was restricted to the myelopoietic cell lineage and did not involve the erythropoietic and the lymphopoietic cell lineages. Van Lom et al. (1993) made a similar observation concerning cell line restriction in their case of de novo AML.
Our CMMLcase with a trisomy 8 aberration showed a proliferation of monocytoid cells as determined both by morphologic examination of MGG stained PB smears and by esterase cytochemistry. The MGG-FISH method disclosed that the monocytopoietic cells were much more clonally involved than the granulocytopoietic cells. The esterase-FISH method, on the other hand, indicated that the monocytic and neutrophilic cell lineages were clonally involved to the same extent. The MGG-FISH results are probably the most relevant because aberrant enzyme expressions are known to occur in myelodysplastic syndromes (Zittoun, 1992) . Kere et al. (1988) . using restriction fragment length polymorphism analysis of fractionated white blood cells, have reported a rather similar case of CMML in which blood monocytes but not granulocytes were affected by monosomy 7. The esterase-FISH results, however, cannot be totally disregarded because monocytic precursors can be difficult to differentiate from dysmorphic granulocytic precursors in MGG stained cell smears (Zittoun, 1992) . Surface marker analysis in combination with FISH would be needed to definitively resolve such discrepant results.
Techniques based on morphological examination, enzyme cytochemistry, and surface marker analysis in combination with in situ hybridization have great potential for elucidating the clinical significance of chromosomal abnormalities seen in hematologic malignancies. In the present investigation, we have shown that our methods are useful in the evaluation of the clonality of random chromosome changes and that they provide valuable information concerning the clonal involvement of different hematopoietic cell lineages in cases of leukemia. Combined morphological and in situ techniques have previously been used in the assessment of residual disease after cytostatic treatment in a few cases of hematological neoplasia (Pagliaro and Stanley, 1993; van Lom et al., 1993; Anastasi et al., 1991) and in determining the clonal response to growth factor treatment in three cases of MDS (Anastasi et al., 1993) . We have recently used our methods in the evaluation of 15 cases of MDS, including MDS AML. and the results show that in all these cases both the myelopoietic and the erythropoietic cell lineages, but not
